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RN

Vic.inity:_of Deepwa;cer- Dumpsite 10(5-

Dr. Charles N. Flagg
Mr. Daniel E. Frye
Mr, Peter R. Daifukn

ABSTRACT. More than 300 months of current meter data have been
analyzed to describe the long-term mean circulation patterns found
in the offshore slope region along the U.S. East Coast. The general
pattern of slope circulation, based on monthly averaged data over a
"span of 14 years, consists of a downcoast drift parallel to the
isobaths toward the west and southwest. This mean current system’
extends throughout the water column and across the width of the
slope water region from the shelf break to at least 150 km offshore.
The westward to southwestward drift is strongest in the near-surface
layer above the main thermocline (above 200 meters). Mean current
speeds are variable at these shallow depths, but are typically in
excess 0f 10 cm/sec. Current direction is also variable near the
surface, resulting in a complex vertical current structure. The
major source of this variability is the occurrence of warm core
rings. Seasonal patterns are not readily observed in the slope
currents except near the surface where a small amual signal can be
detected in the background current field; i.e., in the absence of
warm core rings. An attempt to relate this to the local wind stress
was unsuccessful, but the possibility remains that the variation may
still be attributable to atmospheric forcing on a larger scale. On
time scales shorter than one month, considerable variability is seen
in both the speed and direction of the background currents. Fluc~
tuations are normally polarized in a direction parallel to the local
isobaths; however, on-shelf currents occur with a frequency of
roughly 15% and persist for periods of days to weeks. Short-term
recirculation events are, apparently, quite rare. Low current speed
events, e.g., below & cm/sec, are observed on an infrequent basis
{~10%), and generally do not persist for periods of more than two
days,



1. INTRODUCTION

1.1 Site Description

The 106-Mile Deepwater Dumpsite (DWD 106) covers a rectangilar area of
roughly 1500 square kilometers located between latitude 38°40'N and 39°00'N
and longitude 72°00'W and 72930'W. The site is centered at a point 106 miles
southeast of Ambrose Light and is convenient to the major ports along the U.S.
mid-Atlantic coast. In relation to bottom topography, the site lies just
beyond the seaward limit of the continental shelf (200-meter isobath) and
covers a portion of both the continental slope and the continental rise.
Depths vary between 1700 and 2750 meters within the dumpsite boundaries,

At present, the site is used for the regulated dumping of industrial
wastes under management of EPA Region II. The volume of waste material
involved has been dramatically reduced since 1972 when EPA was granted the
authority to regulate ocean disposal activities under the Marine Protection,
Research, and Sanctuaries Act. Despite the recognized environmental risks, it
is likely that the present level of dumping activity at the site will continue
into the foreseeable future due to the lack of preferable land-based disposal
options for certain industrial wastes. Also for this reasan, the possibility
exists for increased usage of the site under more relaxed regulatory restric-
tions. This cutlook warrants a concentrated effort toward an increased under-
standing of the oceanic environment and the factors that determine the fate of
pollutant discharges. In particular, this report is concerned with the problem
-of describing the mean current characteristics of the site and of the slope
water region in general in order to provide an accurate account of the role of
advective processes in determining the fate of pollutants.

Three distinct oceanographic regimes characterize the surface waters in
the vicinity of the dumpsite: shelf water, slope water, and Gulf Stream water.
shelf water lies inshore of the shelf water/slope water front which is gener—
ally found apprmdmaﬁely over the shelf break. The slope water occupies the
region between this front and the north wall of the Gulf Stream. The position
of this boundary is highly variable and may intrude inshore virtually to the
shelf. Normally, the Gulf Stream is found along the lower portion of the
continental rise, so that the dumpsite is contained within the slope water
region. Consequently, the slope water is of major interest, including both the
physical and chemical characteristics and the dynamic features comprising its
variocus circulatory charat;.:teristics.

1.2 Objectives

The present report focuses on questions relating to the nature of long-
term advective processes, particularly with regard to the mean circulation
patterns in the near-surface layer above the seasonal thermocline where
certain industrial wastes are likely to be trapped by the density structure,
The deeper currents are also of interest, since future dumping may include
heavier materials which would fall through the seasonal and/or permanent
thermocline. An examination of the specific effects of warm core rings on
waste dispersion is not an objective of this study, but the effects of warm



core rings on current statistics are considered as part of the overall data
analysis task.

The collected data describing the general circulation patterns in the
slope region are used to characterize specific advective features at DWD 106
in terms of their probability of occurrence. These include residence times of
waters within DWD 106 and within the slope region, recirculation via low-
frequency current reversals, and the incidence of near-stagnant conditions at
DWD 106 or rapid on-shelf motions. Finally, the ultimate or long-term fate of
waters passing through DWD 106 is considered by means of an examination of the
data for evidence of a large-scale gyre or recirculation mechanism which could
lead to the long-term accumulation of certain pollutants in the sliope water
region.

This study summarizes the collective data base available from long-term
carrent measurements using internally recording instruments and drifting
buoys.: While the results obtained may not be complete or unambiguous, they do
reflect an examination of the bulk of current data collected on the slope
between 1968 and 1981. Recent studies performed by the Minerals Management
Service and others will undoubtedly bring new information and new conclusions
to the description of the general circulation patterns in this area.

2. OCEANOGRAPHIC BACKGROUND

2.1 General Physiography

The slope waters off the U.S. East Coast occupy an oceanographically
distinct region (Iselin, 1936) bounded on the west by the shelf/slope front
and on the east by the Gulf Stream. In the alongshore direction, the region
- stretches from Cape Hatteras to the Grand Banks, covering an area of about
: 180,000 km?, depending upon the position of the Gulf Stream. Within this
area, the bottom depth increases from 200 to over 4000 meters so that the
volume of slope water is approximately 650,000 km3, It is a dynamically
active region subject to massive incursions of Sargasso water due to Gulf
Stream meanders, mixture with shelf water in the upper 200 meters or so, and
occasicnal intrusions from the northeast of large amounts of cold Labrador Sea
water at mid-depth. It is also an area of significant topographic Rossby wave
energy. The fellowing paragraphs give a brief summary of the research in the
slope waters and outline the physical properties and dynamics of the region as
we understand them.

2.2 Hydrography

Wright (1977}, in his review of the water masses of the slope region,
divides the water column into three layers. .The upper 200 meters contain the
waters that interact with the atmosphere and undergo a significant anmmal
variation. It is also within this region that the influence of the fresher
shelf waters is seen. The charts of surface temperature compiled by Schroeder
(1966} indicate that in the winter there is a very -strong horizontal thermal
gradient of about 15°C across the slope waters from the northern wall of the
Gulf Stream to the shelf break. In summer, this temperature contrast
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decreases substantially as the surface layers over the shelf and slope are
warmed so that, on average, there is only a 5°C decrease from the Gulf Stream
to the shelf. In both the summer and winter, the mean isotherms in the upper
layer parallel the mean course of the Gulf Stream. The vertical temperature
distribution in the upper layer tends to be nearly isothermal during the
winter season. A weak, shallow thermocline, over a depth range from 10 to

40 meters, tends to develop from late spring to early fall. This structure
is vulnerable to mesoscale processes and energetic meteorological events.

The influence of shelf water is produced by complex exchange processes
across the shelf/slope water boundary. This boundary has a mean position in
the vicinity of the shelf break, but undergoes substantial onshore—offshore
excursions on a wide range of time scales. During the colder manths, when the
surface temperature contrast between the two water masses is particularly
strong, the boundary appears as a discontinuous front in infrared satellite
imagery. The interface is generally inclined to the vertical, with the shelf
water extending seaward as an overlying wedge of colder, fresher water,
Mixing processes along this front are complex, being deperdent on wind condi-
tions and the influence of Gulf Stream meanders (see below). The surface
temperature contrast is reduced during the summer months, but a strong
gradient may remain at depths below 100 meters. As reported by Bumpus (1976)
and others, temperatures between 6°C and 8°C are often found in the lower
portion of the water column along the cuter shelf. This "cold pool" is
initially composed of remnant winter shelf water and subsequently maintained
by a flow of water from intermediate depths in the Gulf of Maine {Flagg,
1984). There is good evidence that it flows southward aleng the 200-meter
isobath during the summer months and is eventually entrained in the Gulf
Stream east of Cape Hatteras (Boicourt, 1973). Alternatively, some of the
cold pool may move offshore and become entrained as a "bubble" in the slope
water, Inshore intrusions of slope water at mid-depth along the shelf break
have also been widely observed.

The seaward boundary of the slope water region, known as the north wall
of the Gulf Stream, is conventionally defined by the position of the 15°C
isotherm at a depth of 200 meters. This boundary is highly variable (Hansen,
1870), but its mean position lies roughly along the lower continemtal rise
near the 4000-meter isobath.

The salinities of the upper layer of the slope water appear to be as
variable as temperature, but with a smaller range. The salinities in the
slope region typically range from about 24.8 ppt just offshore of the shelf/
slope front, to somewhat more than 36 ppt at the boundary with Gulf Stream
water. In these waters, it is common to find a salinity maximum layer having
values of about 35.5 ppt between 100 and 200 meters. This is especially
noticeable along the shelf break where the fresher shelf water has mixed with
slope water near the surface.

At 200 meters, there is little annual temperature variability. Tempera-
tures at this depth decrease uniformly from about 18°C in the Sargasso to
somewhat less than 11°C along the shelf west of Cape Sable (Schroeder, 1963).
Colder water is found east of this point, reflecting the influence of water
from the Labrador Sea (Gatien, 1976).



The second layer in the slope water identified by Wright (1977) is the
main (permanent) thermocline, which extends from about 200 to 500-600 meters.
The bottom of the thermocline is typically marked by the 5°C isotherm, which
is found about 700 meters shallower in the slope region than in the central
Atlantic (Fuglister, 1963). Salinity decreases from approximately 35.5 ppt at
200 meters to about 35.0 ppt at about 600 meters.

The third layer in the slope water is the deep region from about
500 meters to 4000 meters or more, where the vertical gradients of tempera-
ture and salinity are small. Temperature below the thermocline decreases to
approximately 2°C near the bottom while salinity undergoes a change of less
than 0.1 ppt. Wright (1977) summarizes the evidence which indicates that three
distinct water masses, all of northern origin, reside within the lower layer.

2.3 Circulation

The synoptic current characteristics of the slope region have only been
defined in their roughest outline even though there have been some high-
quality current measurements performed in the region. The best information on
currents is obtained from moorings deployed along the inshore edge of the
region; e.g., Site D {Webster, 1969). The major current feature of the
region, at least in the upper layers, is a westward drift between the shelf
edge and the Gulf Stream. Surface currents originate as the Labrador Current,
which sweeps around the Grand Banks, continues along the edge of the shelf in
a wide and diffuse stream, and finally twrns sharply eastward near Cape
Hatteras as it joins the Gulf Stream. The current system in the vicinity of
the Grand Banks is quite complex and has been studied intensely (McLellan,
1957; Swallow and Worthington, 1961, 1969; and Clarke et al., 1980), but
direct evidence for a continuous westward flow is wealk, even though the water
property distribution reguires that there be such a flow.

A complete dynamical explanation for the southwesterly surface current in
the slope region is not entirely clear. The current is at least partially
related to the curl of the wind stress produced by north-south variations in
the mean zonal winds combined with a general strengthening of the easterly
wind stress with distance offshore. This mechanism suggests that the south-
westerly flow may be an expression of a large-scale anticyclonic circulation
occupying the entire slope water region. This circulation may or may not form
a’closed gyre. Evidence for such a feature is provided by mumerical modeling
experiments of the Gulf Stream system (Semtner and Mintz, 1977; Beardsley and
Winant, 1979) which incorporate realistic bathymetry along the continental
margin and the effect of zonal wind stress variations. These results also
indicate the presence of an alongshore pressure gradient at the shelf brealk.
Such a pressure gradient had been postulated by several investigators (Scott
and Csanady, 1976; Csanady, 1977) as the only possible means to drive the
alongshore flow observed over the shelf in opposition to the mean eastward
wind stress. Local driving forces, such as winter storms and freshwater
runoff, also contribute to the alongshore flow inshore of the shelf break.
However, recent theoretical evidence (Csanady and Shaw, 1983) indicates that
such driving forces do not extend offshore to the slope region due to the
insulating effect of the steep bottom slope, particularly for depths below the
main thermocline,

)



The southwesterly flow over the shelf appears to be derived from water
originating in the Gulf of Saint Lawrence, while the alangshore surface flow
within the slope region appears to be an extension of the Labrador Current.
The slope water achieves its distinctive characteristics by virtue of mixing
with Scotian Shelf water along its inshore boundary and, to a greater extent,
with Gulf Stream and Sargasso water along its seaward boundary. Both
processes appear to be regulated by the influence of anticyclonic warm core
rings. Isotopic data suggest that mixing across the shelf/ slope boundary
along the mid-Atlantic Bight is less intense (Fairbanks, 1982).

In the 'deep water of the slope region, the major current feature is the
Western Boundary Undercurrent, which is ultimately supplied with water from
the Norwegian Sea overflow (Warren, 1981). The flow of this water around the
Grand Banks has been documented by Swallow and Worthington (1961, 1969) using
Swallow floats and it is estimated that the transport of this water is about
10 to 20 x 10% m /sec The Western Boundary Undercurrent flows along the con—
tinental rise and leaves the-slope area by flowing beneath the Gulf Stream off
Cape Hatteras (Richardson, 1977).

Warm core rings and meanders of the Gulf Stream strongly perturb the mean
circulation patterns in the slope region (Saunders, 1971; Gotthardt and
Potocsky, 1974). These warm core rings may have orbital velocities as high as
2 knots or more, extending to depths of more than 1000 meters (EG&G, 1978).
Temperatures and salinities associated with the rings can be radically differ~
ent from the surrounding slope waters. When they encounter the shelf/slope
front, vast quantities of fresh/cold shelf water are sometimes drawn off the
shelf and eventually absorbed into the slope water (EG&G, 1982). There is a
major research program presently being carried out to better understand the
effect of warm core rings (Kester, 1981), but it is clear from their frequency
of occurrence and their current and property anomaly fields that the effect is
great.

The aspect of the slope water currents that has attracted the greatest
amount of attention is the low-frequency wave motion with typical amplitudes
can the order of 10 ¢m/sec and periods within the range from roughly 8 to
20 days. This motion is explained by the theory of topographic Rossby waves
(Rhines, 1970) which are generated by deep fluctuations in the Gulf Stream.
Initially, the waves propagate westward as barotropic Rossby waves over the
deep oceanic region beneath the Gulf Stream, but are then transformed to
bottom—trapped, topographic Rossby waves as they travel over the rise and
slope regions (Hogg, 1981). This produces an amplitude intensification with
depth. Hamilton (1982) has shown the significance of these waves in analyz-
ing the data collected from a near-bottom array of current meters at the
2800-meter radicactive dumpsite located roughly 30 kilometers south-southeast
of DWD 106. The significance for the near-surface waters in the present case
is less clear. Increased kinetic energy has also been observed near the shelf
break. This has alternately been explained by reflection (Kroll and Niiler,
1976) and refraction (Rhines, 1971). In either event, a fraction of the
impinging energy is transmitted onto the shelf and appears to be a significant
influence in mixing across the shelf/slope.boundary {Ou, 1980; Ou and Beard-
sley, 1980).



3. DATA SOURCES

3.1 Eulerian Current Data

At the outset of the study, a review of the history of moored current
meter studies in the slope water region was performed to identify existing
data sources. From a total inventory of more than 700 months of current meter
data potentially available, roughly half of the records were selected for
further analysis based on the criteria of accuracy and contimity. Data
records collected prior to 1968 were automatically excluded in consideration
of the uncertain accuracy associated with the instrumentation in use at that
time, :

After completion of the initial qualification process, the data base
totaled over 150 separate records extending over roughly 300 current meter
months within the period from 1968 to 1981. With such a large volume of data,
often at high sampling rates, it was imperative to develop procedures to
reduce the data base to more manageable proportions. This data reduction was
achieved in two ways. First, stations which were in nearby locations in space
(latitude, longitude, and depth) and time (i.e., not separated by too large a
time gap) were concatenated into a single data set, thereby reducing the data
base to a total of 77 contimuous records.

Second, advection of disposed waste is relatively unaffected by high-
frequency motions. Thus, it was permissible to low-pass filter the data with—
out sacrificing essential information. The popular PL33 filter (Flagg, 1977)
was used for this purpose. This filter has a half-power cut-off at 32 hours
and is widely used to filter oceanographic data. After filtering, the data
were subsampled at six-howr intervals, thus reducing the total number of
paints associated with each record. The data thus concatemated, filtered, and
subsampled were archived on the EGSG database system maintained in Waltham,
Massachusetts. Consecutive "station numbers” were assigned to each contimious
data set in the order that it was archived. These station mumbers were
intended specifically for the purposes of the present study to facilitate
identification and referencing of the individual data sets. In addition, a
unique six-digit code was assigned to each data set as a routine procedure
associated with the EG&G archiving system. This code is referred to as the
Data Set Name or DSN.* :

Figures la and 1b summarize the time intervals covered by individual
data sets within the period from 1968 to 1976. The data sets are arranged in
order by depth, begimming with the near-surface data. Figure 1c provides
similar information for data sets within the period from 1979 to 1981.

Figure 2 presents the geographic location of the moorings identified by
station numbers and provides a general bathymetric view of the slope water
region surrounding DWD 106.

*Refer to Table 3 for a complete summary of data set characteristics includ-
ing a cross-indexing of station numbers and DSNs,
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The following sectians describe the sources of the data and list the
respective station mmbers associated with each source.

3.1.1 Site D

The majority of the current meter data comes from Site D, which is a
designation given by scientists at the Woods Hole Oceanographic Institution
(WHOI) to a small area centered at 39°10'N and 70°00'W off the New England
shelf. This site was extensively used between 1965 and 1974 to test instru-

ment and mooring designs (Tarbell et al., 1980). We have included all of the
data available at this site starting in 1968.

Station Nos: 1-11/13/14/17/20/23/24/26-30/32/36/41/43-47/561

3.1.2 Slope Arrays

From 1970 through 1974, concurrent with the moorings at Site D, there
were several moorings deployed closer to the shelf break to study the dynamics
of internal waves (Tarbell et al., 1980). .

“Station Nos: 12/15/16/18/19/21/22/25/31/33~35/42/48~50/12-77

3.1.3 The Rise Array

In 1974, eight moorings resulting in 21 instrument months of data were
deployed along two transects beginning in the vicinity of Site D and extending
south across the continental rise (Luyten, 1977).

Station Nos: 37/52-55

3.1.4 New York Bight

Five moorings crossing the shelf and extending onto the slope were
deployed offshore of the New York Bight by WHOI in 1976. A total of 41 instru—
ment months of data were collected (Tarbell et al., 1980).,

Station Nos: 38-40/62/64

3.1.5 Nantucket Shoals Flux Experiment

A line of moorings crossing the shelf and extending onto the upper slope
were deployed scuth of Nantucket in 1979 and 1980 by investigators from the
National Marine Fisheries Service (NMFS), the United States Geological Survey
(USGS) and Woods Hole Oceanographic Institution (WHOI) (R. Beardsley, private
commmication).

- Station Nos: 56-61

12



3.1.6 Tom's Canyon Data

Seven current meter months of data from the slope region near Tom's
Canyon (just inshore of DWD 106) were collected by EG&G in 1981 (EG&G, 1981).

Station Nos: 67-71

Additional data have been collected at locations along the Scotian Shelf/
Slope (Smith and Petrie, 1982) by researchers from the Bedford Institute. The
results obtained from this area ave significant in the context of an overall
urderstanding of slope water processes; however, it was considered unlikely
that such current statistics would be transferable to the slope water region
of interest in the vicinity of DWD 106, Recent current meter measurements
from moorings in Lydonia and Baltimore Canyons were also considered for use in
the data base, but the records were not immediately available.

3.2 Wind Data

Unfortunately, there are comparatively few contimious records of wind
data available concurrent with the near-surface current meter data. Oniy two
sources of data could be identified, the Woods Hole Buoy Group and the
National Data Buoy Office (NDBO). The temporal coverage of the data sets is
shown in Figure 3, and the geographic locatians of the staticns are included
in Figure 2. The WHOI wind data records were collected at Site D in comnec-
tion with various current meter deployments (Tarbell et al., 1980). 'The NDBO
data comes from station Hotel, a weather station maintained by NOAA at 38°00'N
and 71°00'W. These data were obtained from the National Climatic Center in
Asheville, North Carolina. Processing of the wind data was similar to the
processing of the current meter data. The data were low-pass filtered,
decimated to six~hour intervals, and archived.

—

3.3 Lagrangian Current Data

Satellite~tracked drifting buoys give some of the best indications of
long~term advective patterns. Although there is an extensive Lagrangian data
base for the general area of the western North Atlantic, the number of surface
drifter tracks within the slope water region is quite limited. ' We have been
able to identify the following three sources:

1) EG&G, 1980. Tracks of three drifters deployed on Georges Bank which
were drawn into the slope water region during the passage of separate
warm core rings. The drifters were then quickly entrained in the Gulf
Stream at points southeast of Georges Bank and carried eastward.

2) Bisagni, 1981. Tracks of two drifters deployed at DWD 106 and
tracked for a total of four months. ' Both were carried southwestward,
parallel to the shelf break, for roughly one month and then entrained
in the Gulf Stream east of Cape Hatteras. This report also includes
a description of three drifter releases performed by Raytheon Envi-
ronmental Systems Center (unmpublished data). These tracks extend
from the deployment puints south of Nantucket Shoals to Cape Hatteras
and also lie roughly parallel to the shelf break.
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8) Richardson, 1981. Tracks of multiple drifters deployed throughout
the general area of the Gulf Stream system. One drifter in particu~
lar was deployed in the vicinity of DWD 106. It also exhibited a
southwestwardly drift within the slope water region, followed by
entrainment within the Gulf Stream east of Cape Hatteras.

It must be recognized that these drifter tracks are not precise indica-
tors of water parcel trajectories and that the limited number of tracks does
not provide an adequate statistical sample upon which to base guantitative
canclusions. However, the data do generally provide important qualitative
insight into the nature of the circulation and give us confidence in extending
the results of current meter measurements into areas where no direct measure-
ments have been made,

3.4 Data Quality and Validity

There are several basic questions concerning data quality and validity
that must be addressed before interpreting the in situ current meter data, &
primary concern is the extent of contamination in the records from extraneous,
high-frequency wave and mooring-line moticn. This concern is directed
specifically at the early WHOI data which were obtained using EG&G Model 850
current meters deployed on surface moorings. All of the Site D near-surface
data and much of the other near-surface data were collected this way. The
Model B50 is a Savonius rotor instrument which records an average speed and
instantaneous direction every five seconds and vector averages the result.
After 1971, WHOI began using subsurface moorings exclusively and limited their
data collection to regions below 200 meters. EG& Vector Averaging Current
Meters (VACMs) were gradually phased in at this point.

A comparison of current velocity spectra from VACMs and 850s deployed
on surface moorings at depths of 8 to 21 meters at Site D is shown in —
Figure 4. These spectra reveal the high-frequency noise which is added to
the 850 records due to wave and mooring line motion and aliased into lower
frequencies. By processing these Gata with PL33, a low-pass filter designed
to remove most of the energy in the records at periods less than 33 hours, the
wave and mooring line contamination from the records is effectively removed.
While the VACM is not ideally suited to use in the wave zone or with surface
moorings, it has been used in this way on mumerous recent research studies
with considerable success and does appear to provide generally high-quality
data. Table 1 shows the results of our processing of data from near-surface
VACMs and 850s. As can be seen, the average speed, vector speed, vector
direction, and maximum speed all appear quite similar with the small differ—
ences explained by the depth of the sensors.

- Monthly mean speeds from current meters at Site D were examined as a
function of depth and instrument/mooring type. These statistics indicate a
relatively small instrumental bias in the surface-moored data toward higher
monthly mean speeds using 850s at depth on the order of 2 to 3 cm/sec, which,
while sigmificant at 1000 meters and below, is not too disturbing in terms of
the near-surface layers since typical speeds there are in a rarge near
20 cm/sec.
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Figure 4. Comparison of current energy spectra from surface moorings at
Site D (after Tarbell and Whitlatch, 1977).
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Table 1. Statistics of near-surface currents measured from a surface mooring

at Site D.

Record Average Vector Vector Mastimum

Depth Station Instrument Length Speed Speed Direction Speed
(m) No. Type (days) (cm/sec) (cm/sec) (°True) (cm/sec)

Mooring 377
8 27 VACM 23.8 18.9 13.9 2629 40.6
10 28 850 25,0 17.6 14.2 258° 39.1
12 29 VACM 23.6 — 13.0 270° —
21 30 850 20.8 15.4 12.8 264C 36.8
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Thus, mooring line motion, which is to a first appraximation independent
of depth on a mooring with a single surface buoy for flotation, impacted near-
surface measurements from the 850s by an amount eguivalent to a few cm/sec
and terkied to increase the measured mean. Similarly, the wave particle
motions in the very-near surface {less than 50 meters depth) had an impact on
measured speeds, but most of this contamination was removed in the filtering
process. The conclusion, then, is that the data as presented are useful in
terms of establishing long-term means to within a few cm/sec with the magni-
tude of the errors somewhat dependent on the wave climate. Errors of this
size are unlikely to impact the results relative to questions concerning the
suitability of DWD 106 as a disposal site.

A second major concerm is whether data available from Site D and other
widely dispersed locations in the slope region are applicable to DWD 106 in
terms of the general circulation pattern. This has been investigated within
the present study by computing coherences among various stations. In general,
currents measured within 50 km in the along-slope direction and 20 km in the
cross-slope direction appear to be reasonably coherent., As the distance
between stations is increased beyond these limits, however, coherence between
records drops to very low values and no strong direct relationship is
apparent. Since the position of DWD 106 with respect to Site D is about
200 km downcoast and 50 km toward the shelf break, there is no reason to
expect strong coherence between current records at these two locations. From
a statistical viewpoint, however, there does appear to be a reascnable simi-
larity between the sites, and it is these statistics which are principally
relied upon in terms of evaluating DWD 106 as a waste dispeosal region. It is
also apparent from the data that the coherence between records of finite
Jength is destroyed by events such as eddies and other large-scale inhomo-
geneities known to be present in the slope region. Thus, while current
measurements made upcoast of DWD 106 may not be particularly related cn a
real-time basis with those at DWD 106, there is little doubt that the long-
term statistics are quite similar.

A final important question concerns the relationship of near-surface
measurements amd measurements from 200 meters depth. The importance of this
question is that a 10-year data base is available at 200 meters depth, while
only three years of data are available in the upper 100 meters. Coherence
analyses were also performed between vertically separated pairs of current
meters to determine the equivalence of current records over several depth
ranges. Currents at 50 meters were significantly coherent with currents at
100 and 200 meters for periods greater than about four days. Coherence
estimates in the low-frequency range varied from about 0.7 to 0.9. Coherence
was lower for greater vertical separations and was also lower during winter
than in summer at cne station where seasonal data coverage was available.
Instruments separated by thé permanent thermocline were not significantly
coherent at any frequency. This indicates that 200-meter data can be used
to characterize the low-frequency variability of currents at shallower depths,
except possibly during summer when the seasonal thermocline acts as a dynamic
barrier between the surface and lower layers.
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4. ANALYSIS OF CURRENT TIME SERIES

The previous sections have described the rationale for choosing the data
used in this study. Interest is focused on the upper 200 meters of the slope
water, but because of the small amount of data in this depth range for total
water depths from 1500 to 2500 meters (the depth range at DWD 106}, data from
deeper water farther offshore are included in this andlysis to increase
spatial and temporal coverage. Table 2 presents the distribution of
the collected data according to water and instrument depth. A total of
13,512.2 days of current data are available for analyses, but, as the table
shows, only about 10% of the total available data comes from depths equivalent
to those found at DRD 106. The data principally come from two types of
measurement programs: those concerned with the continental shelf and shelf-
edge processes and those concerned with low-frequency motions on the slope in
the vicinity of the Gulf Stream. These measurement areas are, unfortunately,
closer inshore or farther offshore than the area of DWD 106. The preponder—
ance of the data comes from an investigation of slope water centered at
Site D (~2700 m depth). The distribution of the data, according to instrument
depth without regard to location, shows about 40% of the data collected above
200 meters and another 40% from below 1000 meters. The shallow data come
primarily from the shelf-edge programs and the early measurements at Site D.

4.1 Statistical Summary

All of the -Gata were low-pass filtered with a half-power cutoff at
33 hours and subsampled at six-hour intervals. Data sets from the same loca-
tion and depth were concatenated. A statistical summary of this data is
presented in Table 3. The station numbering used is special to this analy-
sis and appraximately chronological. The original data designation is
included for possible reference. In addition, the EG&G data set name is
included in the event that a reader wishes to obtain copies of the data for
further analysis. '

Warm core rings that are spawned by Gulf Stream meanders may, at times,
dominate the current structure at a particular location along the slope, and
must be considered in the analysis of the data. The occurrence and dynamics
of the warm rings have been investigated by Halliwell and Mooers (1979), Smith
(1978), Saunders (1971), Bisagni (1976), Lai and Richardson (1977), and Morgan
and Bishop (1977). A multi-institutional study is presently underway to
obtain a more complete understanding of warm ring kinematics and dynamics
(Kester, 198l1). Generally, the warm rings have diameters of order 100 km,
extend downward 1000 to 1500 meters from the surface, and have maximum near—
surface velocities of order 100 cm/sec. The rings are large anticyclonic’
meanders from the Gulf Stream which have separated and moved northward and
usually westward. Rings are commonly formed scuth of Georges Bark and Nova
Scotia and propagate westward at speeds of 5 to 10 cm/sec.

Because of the large currents within the rings, they can statistically
dominate a current record, obscuring information about the background current
field. Since the goal of this study is to describe the background field, a
method is needed to separate the two signals. Temperature and current magni-
tude are the two main signatures for the rings, and some criteria based on
these would be the most effective. However, temperature was not recorded on
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Table 2.

Distribution of current data by water depth and instrument depth.

Current Data Coverage

Water Depth Record
(m) days Percentage
100-500 2,069.5 15.3
5001000 788.2 - 5.8
1000-1500 - 0
1500-2000 - 0
2000-2500 1,328.2 9.8
25003000 8,990.1 66.5
>3000 336,2 2.4
Total 13,512.2 100.0
Instrument Record
Depth (m) days Percentage
0-50 1,781.1 13.2
50~200 3,613.7 26.7
200-500 606.1 4.6
500-1000 1,708.0 12.6
1000-2000 2,448.9 18.1
>2000 3,354.4 24.8
Total 13,512.2 100.0
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in situ instrumentation until the mid-1970s so that for most of the data sets
only velocity can be used to distinguish warm rings. The velocity signature
of warm rings varies considerably across the slope and rise and also with
depth. In the vicinity of Site D, the canonical ring passes directly over the
moorings which results in an easily identifiable northward current pulse,
followed by a southward pulse. Farther north where the water depth restricts
‘the onshore penetration of the rings, the passage of a warm ring produces a
strong eastward or northeastward flow, sometimes with a clockwise turning of
the current vector. This signature, especially if relatively weak, can easily
be confused with wind-driven events. Lastly, for instrument depths greater
than 1000 meters, it is very difficult to distinguish current fluctuations
caused by rings. Where it is difficult to identify the passage of a ring from
the background velocity signature, the current statistics will not be biased
to a great extent by its inclusion.

All the current records were reviewed for the presence of rings using the
current velocity as the primary discriminant. For those few records with
temperature, this variable was also used tq identify the passage of warm
rings. Where the velocity data did not provide a clear indicaticn of the
presence of a ring, the Experimental Ocean Frontal Analysis charts from the
Naval Hydrographic Office and Monthly Gulf Stream Summaries from NOAA were
examined. Those periods judged to be contaminated by rings were removed to
form ring-free records for analysis. A conservative approach was taken so
that marginal data were removed. Thus, in Table 3, a second set of statis—
tics is included for those records that were edited to remove warm ring con-
tamination. This editing process reduced the total data set by 8%, and
reduced by 22% those records shallower than 1000 meters.

The statistics of the low-frequency currents presented in Table 3 are
graphically displayed in a series of figures showing the vertical and hori-
zontal dependence of the parameters. Figure 5 shows the vertical distribu-
tion of the maximum observed low-frequency current speed for each station
regardless of location. Since the maximum speed is a parameter dominated by
special events such as the passage of rings or wind forcing, there was no
attempt to separate those periods influenced by rings as is done elsewhere.
There is a marked difference between the maximum speeds observed above
200 meters and those below. Above 200 meters, about 30% of the records had
maximum speeds greater than 50 cm/sec with 115 cm/sec cbserved in one record
from Site D. The remaining two-thirds of the records have maximum speeds
falling between 25 and 40 cm/sec. Below 200 meters the maximum speeds are
remarkably uniform in the vertical down to 3000 meters. With only a few
exceptions, all the mextimum speeds in this region are between 10 and
25 cm/sec. .

In order to summarize the flow field over the slope, the currents were
vertically and horizontally averaged. For the horizontal averaging, records
from stations located along approximately the same isobath were combined into
nine distinct regions. The mumbering of these regions is independent of the
station numbering scheme; in addition, data from Site D were kept separate
from those of other regions. The results of the averaging are presented in
Tables 4a and b and in Figures 6a and b. In Table 4a and Figure 6a,
all the data are included while Table 4b and Figure:6b have had the
influence of warm rings removed. In addition, Figure 6b shows the mean
current vectors only for those locations with more than 100 days of data.
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Table 4a. Vertically averaged current statistics with warm rings included.

Depth Data East Canponent North Component Vector Average
Range Tength Mean Std. Dev. Mean Std., Dev. Speed Dir.

Area (m) (days) (em/s) (em/s)  (aw/s) (em/s)  (em/s)y  (°T)
siteD  0-55  984.3 -7.41  14.75 0.0  19.90 7.46 277
70-110  241.7 -4.58  14.06  -2,39 18,39 5.17 242

200  1082.8 -5.42  12.43  -2.82  21.79 6.11 242

- 490-530  226.0  -2.41  6.17  -0.15  6.37 2.41 266
1002-1044 685.6  -2.92  4.33  -1.65  3.86 3.35 240
2017-2066  783.2  -2.71  3.94  -1.17  3.32 2.95 247
2495-2781 1260.5  -2.17  4.18  -0.59  4.82 2.25 255

1 1020 307.0 4.2 3.9 -1.3 3.1 4.2 253
2006 204.2  -3.8 5.9 0.9 3.7 3.9 257
2490-2810 251.3  -3.0 5.4 -1.0 4.8 3.2 252

2 32-52 96.4  ~4.8 8.1 -3.6 5.8 6.0 233
72 48.2 6.5 9.5 -3.1 5.4 7.2 244

187 223.0 -17.0  20.1 -2.3  20.4 17.2 262

998 572.3  -2.8 4.0 ~0.6 2.8 2.9 258

1999 780.3  -2.0 4.5 -0.4 2.9 2.0 259

2620 . 48.2  -0.7 5.3 -1.3 3.5 1.5 208

3 181 237.3 -5.0  16.6 0.1  20.4 5.0 272
995 718.0  -3.0 5.1 ~1.1 3.4 3.2 249
1295-1504 131.5  -1.6 7.5 0.2 2.2 1.6 277
2006-2300 654.8  -1.4 4.0 0.2 2.4 1.4 262

4 12-52 84.0 0.3 6.2 12.9 8.6 12.9 001
72 48.2 -0.6 4.6 5.7 5.7 5.7 354

305 177.5  -3.6 6.0 ~0.7 4.4 3.7 259
2000-2167 447.7  —4.6 7.3 ~0.1 2.2 4.6 269

5 776-888  200.0  -5.0 5.9 1.5 1.4 5.2 287
6 10-13  411.4 3.4  15.6 1.0 4.6 1.1 026
70 18.3 0.5 4.7 1.5 6.4 1.5 354

145 178.0 '-0.2 9.4 1.1 4.7 1.3 032

7 10-30  537.8 -1.5  12.3 -0.3 7.9 1.5 259
90-120  537.8 1.4  10.2 1.4 4.5 2.0 045

185 168.0  -0.8 6.7 -1.5 2.7 1.7 208

8 302 180.0 0.7 6.1 1.1 4.7 1.3 032
9 22 125.5  -5.4 11.8 -6.8  13.1 8.7 218
129-130  182.3  -5.7 8.1 ~3.7 9.7 6.8 237
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Table 4b. .VErtically averaged current statistics without warm rings.

Depth Data East Component North Component Vector Average

Rarnge Length Megan  Std. Dev. Mean Std. Dev. Dir.

Area (m) (days) (cm/s) - (em/s)  (cm/s) (em/s)  (am/s)  (°n)
Site D 0-55 613.5 -8.2 10.4 1.2 11.1 8.6 274
70-110 196.7 -6.2 11.4 -2.2 9.5 6.6 250

200 656.5 -5.7 7.4 -1.6 8.8 5.9 254

490-530 150.4 -1.5 6.3 -1.2 3.4 1.9 231
1002-1044 662.6 -3.0 4.3 ~1.6 3.5 3.4 242
2017~-2066 783.2 -2.7 3.9 -1.2 3.3 3.0 246
2495-2781 1260.5 -2.2 4.2 0.6 4.8 2,3 255

1 1020 307.0 4.2 3.9 -1.3 3.1 4.4 253
2006 204.2 -3.8 5.9 ~0.9 3.7 3.9 257
2490-2810 251.3 -3.0 5.4 -1.0 4.8 3.2 252

2 32-172 48.2% -5.4 8.6 -3.4 5.7 6.4 238
187 136.2 ~-5.4 8.1 -1.5 10.8 5.8 254

998 572.3 -2.8 4.0 -0.6 2.8 2.9 258

1999 780.3 ~2.0 4.5 0.4 2.9 2.0 259

2620 48.2% -0.7 5.8 ~1.3 3.5 1.5 208

3 181 182.5 6.1 10.8 -2.8 10.4 6.7 245
295 €98.0 -3.1 4.7 -0.8 3.0 3.2 .256
1295-1504 131.5 -1.6 7.5 0.2 2.2 1.6 277
2006-2300 654.8 ~1.4 4.0 -0.2 2.4 1.4 262

4 12-52 B51.0% -0.5 4.9 7.8 5.1 7.8 356
72 48.2%¥ 0.8 4.6 5.7 5.7 5.7 354

305 177.5 -3.6 €.0 -0.7 4.4 3.7 259
2000-2167 447.7 -4.6 7.3 -0.1 2.2 . 4.6 269

N 5 776-888 200.0 -5.0 5.9 1.5 1.4 5.2 287
6 10-13 297.7 -3.2 12,1 -2.2 10.5 3.9 235
70 18,.3%* 0.5 4.7 1.0 4.6 1.1 026

145 168.0 -1.2 8.4 i.1 6.4 1.6 312

7 10-30 "358.4 ~-5.0 11.0 -1.5 8.1 5.2 253
90-120 3568.0 =-0.7 9.9 0.4 4.3 0.8 300

185 100.8 -0.2 6.0 -1.9 2.3 1.9 186

8 302 109.8 -0.6 4.7 -0.4 4.4 0.7 236
=] 22 120.5 -8.0 10.0 -9.4 11.8 12,3 220
129-130 179.0 -6.9 8.0 -5.4 9.1 8.8 232

¥Not included in Figure 6b.
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Figure 6a shows that, with some notable exceptions, the currents are
generally westward and southwestward with speeds that decrease from the sur-
face. The mean currents in Regions 2 and 4 are greater than 10 cm/sec but, in
general, the mean currents in the various regicns decrease from 6 or 7 cm/sec
near the surface to 1 to 2 cm/sec below 1000 meters. The flow field with the
influence of warm rings removed {(depicted in Figure 6b) is more regular and
does not have the large means associated with ring motion.” In all cases, the
velocities have a predominantly westward, along-isobath component. The
mean, ring-free current at Site D at depths shallower than 1000 meters was
1 to 2 cm/sec lower. A comparison of the ring-free data with the averages
from Webster (1969}, which were based upcn earlier data, shows that above
1000 meters Webster had higher means by 1 to 2 cm/sec while at 2000 meters
the present results are higher by ~1.5 cm/sec.

. The results from within 10 km of Site D, where about 40% of the data were
collected, indicate that there is a counterclockwise veering of the current
down to about 500 meters, below which there is a clockwise veering, This
pattern is not consistently followed at nearby locations. The currents in
Regions 6 and 7 remain- somewhat anomalous even after the exclusicn of the ring
periods. A partial explanation for this behavior is that the measurements
were made in the vicinity of the shelf/slope front, a region of strong shear
and one which can be strongly influenced by atmospheric forcing. Thus, the
available measurements may not give a complete representation of the currents.
Lastly, the means from Region 9 at the head of Toms Canyon are notable for
their relatively large magnitudes. Almost cne-half year of data are included
in each of the averages from Toms Canyon which should effectively average out
fluctuations other than ammual or interammual. The fact that the measurements
were made over the winter months may be responsible for the high values, but
sufficient data do not exist at the shelf edge to adequately describe the
annual cycle.

In addition to the mean current field, a description of current fluctua-
tions is required to understand the dispersion of material from DWD 106. The
low-frequency fluctuations are characterized by the eddy kinetic energy (EKE),
defined as the sum of the squares of the standard deviations (G + Og®) OF
the north and east current components. The vertical distribution of the EKE,
without regard to cross-slope location, is shown in Figure 7. As for the
maximum observed currents, the largest values of the EKE are found above
200 meters. At this level, the backgrownd EKE (without rings) is typically
between 100 and 300 cm2/sec2. This is about three times larger than the EKE
at levels below 200 meters. Those records with warm ring contamination are
distinguished in Figure 7; it is clear that the rings increase the EKE by a
factor of 3 to 6, depending upon the percentage of the total record occupied by
the high ring currents.

If the fluctuations in the slope region were isotropic, the distributicn
of the EKE would give all the informaticn necessary about the oscillatory
flow. In fact, however, the low-frequency motion of the slope is not iso-
tropic and the along- and cross-iscbath motions can differ significantly.
Figure 8 shows the vertical distributicn of the ratio of the eastward
constituent of EKE (O‘E2) to the northward constituent (0N2), differentiating
between those records with and without warm ring influence. For isotropic
motion, the ratio would be one. In the upper 200 meters, there is a signifi-
cant difference in the value of the ratio for periods with and without warm
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rings. In the presence of warm rings, the ratio is more often less than one,
while without the rings, the ratio tends to be greater than one. A ratio less
than one at these station locations indicates cross-isobath polarization of
the low-frequency currents during the passage of warm rings. This is due, at
least in part, to the characteristic ring signature of north-south surges at
Site D, which appears to dominate the statistics of ring passages in this data
set. Stations closer inshore are characteristically polarized along-isobath
during warm ring passages. A ratio greater than one during ring-free periods
indicates along-isobath polarization of the background low-frequency currents
above 200 meters. Below 200 meters there is less difference between the ring
and nonring periods; in both cases, the oscillations tend to be strangly
along-iscbath polarized.

Since none of the current data come from the DWD 106 area and, in fact,
as Table 2 shows, there is little data from the water depths characteristic
of the dumpsite, the gquestion naturally arises as to how to extend the avail-
able data to this region. For this purpose, the cross-isocbath dependence of
the mean onshore and isobath-parallel current components and the EKE are
examined for six instrument depth ranges (0-50 m, 50-200 m, 200-500 m,
500-1000 m, 1000-2000 m, and >2000 m). Positive isobath—-parallel currents are
generally eastward or northeastward. The orientation of the coordinates for
each station was determined by the shortest distance to the 200-meter isobath.
For most of the records, this meant that the components remained east and
north for the isocbath-parallel and onshore directions, respectively.

Figures Sa-through 9f present all three parameters as a function of
distance from the 200-meter isobath. The considerable scatter seen in these
plots is a reflection of some of the relatively short record Jengths in the
-data set with lower statistical stability and alsc the effect of anmual and
longer term fluctuations which can bias the records. The scatter is greatest
above 200 meters. Visual identification of a cross—isobath dependence from
the plots is made difficult by the scatter, except in a few instances. _ To
formalize the procedure, linear regressions were calculated for each variable,
the results of which are presented in Table 5. There was a significantly
nonzero linear offshore dependence in anly ane-third of the cases at the
90% confidence level. Thus, for most situaticns, a simple horizontal average
is the best estimator for DWD 106. A notable exception is the isobath—
parallel current component above 200 meters which shows a significant increase
in westward and southwestward flow offshore on the order 5 cm/sec per 100 km.
iIn only one instance did the anshore flow exhibit a significant cross-iscbath
dependence, and that indicated a decrease offshore. For the two cases where
the EKE regression showed a significant offshore dependence, the EKE increased
offshore. This dependence is not surprising since the Gulf Stream is a major
source of low-frequency energy (Thompson, 1978; Hogg, 1981).

4.2 Annual Variability

The analysis presented in the previous section was conducted without
regard for the time of the year when the data were obtained. For most of the
locations, the data covered only a small portion of a year, which inevitably
increased the error bounds on estimates of the mean currents in the presence
of an annual fluctuation. At Site D, however, there is sufficient high-
quality data in each month to attempt to determine the anmal cycle, if one
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Table 5. Linear dependence of current compcnents, Up (isobath-parallel) and
UQ {cross-iscbath), and eddy kinetic energy (EKE) on cross—isobath
distance, D, in kilometers. [U., Uo, EKE] =a + b *D. Data from
200 to 500 meters have not been Included becamuse of insufficient
data and the permanent thermocline in this depth range.

Depth (m) a b
0-50 Up -5.737 ~  -0.0s81
Ug -0.905 0.015
ERE 189.299 0.939
50-200 Up ~2.647 -0.047%
U —0.643 -0.011,
ERE 101.223 0.686
500-1000  Up -4.357 0.030
' u 1.424 -0.0382
ERE 30.497 0.040
- 1000-2000 U -3.102 0.006
u -0.454 ~0.001,
ERE -5.578 0.484
>2000 Up -4.914 0.035% *
U 0.307 -0.010
c . .
ERE 52.652 ~0.042

Isignificant at 95%

2Significant at 90%
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exists. For this purpose, monthly averages of all the records free of warm
rings were calculated for the east and north velocity components and the eddy
- kinetic energy. Above 1000 meters the temporal coverage of the data was
discontinuous, even at Site D, so that there were a few months with little or
no data. The analysis included anly those months having at least a month of
data in the average, with the exception of December for the depth range 0 to
50 meters which had 28.5 days of data. All the monthly averages were given
equal weight, even though there was a variable amount of data in each.

Plots of the monthly mean east {U) and north (V) currents and the EKE at
five depth levels from Site D (0-50 m, 200 m, 1000 m, 2000 m, and 2500 m) are
shown in Figures 10a through 10e. In addition, the monthly averages were
fitted, in a least-squares sense, to a mean plus an anmual sinusoid using the
method of Fofonoff and Bryden (1975). The results of the calculation are
shown in Table 6.

, In the upper 50 meters, Figure 10a illustrates that there is a strong
amual signal for the east current component, U, a weaker signal for the
northward component, V, and a great deal of variability in the EKE. The east
component, which is basically aleng-isobath, has a minimum westward velocity
of between 2 and 3 cm/sec in spring and a maximum of between 12 and 14 cm/sec
in fall. Table 6 indicates that the east component has a mean of —-8.5 cm/sec
(+6 cm/sec), with the minimum in April and the maximum in October. The north
component in the upper 50 meters is generally southward and offshore during
the winter and spring, and northward and onshore in the late summer and fall,
The least-squarés analysis indicates that the armual change in the north
component is about the same as for the east component, +5.6 cm/sec, but

that the mean is much smaller and not significantly different from zero.
Figure 10a shows that the large calculated anmial signal in the north com-
ponent may be the result of October's high current. Without that data point
the north-south oscillation would be reduced to 2 to 3 cm/sec, but the phase
would be about the same, i.e., offshore in winter/spring and onshore imr
summer/fall. The EKE in the upper layer has a mean of about 200 cm?/sec? and
is quite variable from month to month with the result that there is no statis-
tically significant annual EKE signal. ‘

Monthly current components at 200, 1000, 2000, and 2500 meters do not show
the consistent annual variability that is seen at the surface. Figure 10b
and Table 6 show a significant annual variation only in the V-component of
velocity at 200 meters; Figures 10c and 10d and Table 6 show a significant
anmual variation only in the EKE at 1000 and 2000 meters; Figure 10e and
Table 6 show no significant anmal variation in any of the parameters at
2500 meters.

The strong annual signal for both current components between 0 and 50 m
makes it tempting to look for a camse. Figure 11 shows a least-squares
prediction of the annual wind stress cycle adapted from the analysis of Butman
and Beardsley (1984). Their calculations indicate that the eastward stress,
T, has annual and semianmual components of about the same magnitude, while
the north component, T N is dominated by the anmal signal. The eastward wind
stress, on a monthly basis, is fairly small but is positive for the first two-
thirds of the year, decreasing to just less than zero in October. If the
coastal constraint of zero normal flow applies to the slope waters, then it is
reasonable to expect the east current component of the slope waters above the
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Table 6.

Least squares fit of monthly current components to an anmial mean
and anmial simisoid using the method of Fofanoff and Bryden (1975).

[U, V, EKE] = b,y + b, sin(2_t/12) + by cos(2_t/12)
=b; + & cos(2_t/12 - §)
Depth ¢
{(m} Variable bq by bg A (deq)
+4.30 +40.6
0-50 U -8.4742.181 5.07+3.151  -3.18+3.001 ©&.98 122.1
= = -4.06 -30.8
v 1.46+3.22 4 651 2.80+4.42  5.65 -0  _go.a  o'2
«45+3. -4, . . . . -60.
= 914 - ~4.01 -110.6
EKE  198.47+5B.331 -19.22484.35 —20.20+80.60 n.s. n.s.
200 U ~5.28+2.491  -2,13+43.51 1.46+3.46 n.s. n.s
v 2.58+1,47% 2.15+2.081 0.9242.08 2.3¢ - 02 _gg.gt 8
* —" - - - Ll - - ALK L] . -1'42 - -lw-s
EKE  88.67+27.541 -34.70438.89 -14.26+38.21 n.s. n.s.
1000 U ~2.99+40.511  -0.60+0.72 °  0.4240.71 n.s. n.s
v -1.40+0.841 0.88+1.20 0.48+1.20 n.s. n.s.
EKE  25.58+6.661 -10.68+0.421  0.7740.42 10.71 -1 +18.8
» — - - vl - . - - —9.23 '1_85-8
2000 U -2.7740.491  —0.25+0.71 0.37+0.70 n.s n.s.
v -1.23+0.451 0.03+0.67 0.58+0.63 n.s. n.s
EKE  24.42+2.197 4,38+3.101 0.8343.10  4.46 00 9.3 13
. i - . [ ] gl - - gl - - —2.93 - '—61.2
2500 U -2.1640.301 0.3040.42 0.14+0.44 n.s. n.s
v -0.51+0.291  -0.16+0.41 0.36+0.41 n.s n.s
EKE 2.86+7.60 . —6.09+7.60 n.s n.s

41.13+5, 371

lsignificant at 90%
n.s. — not significant
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thermocline to be in phase with the wind stress. Roughly, this is true with a
minimum westward flow in the winter and spring corresponding to the period of
larger eastward wind stress and a maximum westward current in the later summer
and fall when the eastward stress is at a minimum. However, the magnitude of
the monthly mean eastward wind stresses is small (roughly 0.2 dynes/cmz) and
camot account for the large eastward current fluctuations on the order of

11 cm/sec.

5. ANALYSIS OF ADVECTION CHARACTERISTICS

5.1 Eulerian Data

Additional circulation characteristics within the slope region have been
examined using selected near-surface Eulerian data sets in an attempt to
provide a further description of the current field in terms directly related
to the advection of pollutants. The data sets of interest were collected in
the general vicinity of Site D at depths of 50 meters or less and cover the
period from August 1968 to July 1972. The analysis is limited to the portions
of each record found to be free of the effects of warm core rings, as
described in the previous section. The current characteristics addressed in
this analysis include the following:

1) low current speed incidence and persistence,

2} residence time,

3) stagnation periods,

4) on-shelf motion, and

5) recirculation.

The occurrence of low current speeds is of cbvious relevance, especially
in cases where the currents remained low for extended periods of time. —Conse—
quently, each of the selected data sets was analyzed to estimate the incidence
of current speeds below 5 and 10 cm/sec. The mean persistence associated with
each current speed was also estimated by determining the total duration of the
record where the speed fell below the specified level and dividing by the
rumber of discrete excursions below this level. The results of this analysis
are shown in Table 7. At depths above the seascnal thermocline {0 to
30 meters), low current speeds are relatively infrequent. The results from
the shorter records taken during the late spring and summer indicate higher
incidence and persistence levels, consistent with the annual minimum current
period determined from the analysis in Section 6. The results from the deeper
instruments (30 to 50 meters) also reflect this tendency. Although the over-
all persistence estimates for the two categories follow a reasonable trend, it
should be emphasized that the persistence of individual low current speed
events was found to be highly variable. This is particularly evident from the
results obtained for Station '15. The averages should be interpreted with this
variability in mind. .

Residence time was estimated by examining progressive vector plots of
low-pass-filtered data (with eddy periods deleted) on a weekly basis and
recording the time required for a water parcel originally at the center of an
area the size of DWD 106 to move outside of its boundaries. Table 8 lists
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Table 7. Persistence of near-surface currents in the slope regicn. The
positions of the individual current meter stations are given in

Figure 2..
Inst. Current Speed Current Speed
Depth Time - Incidence (%)  Persistence (hrs)

Station (m) Interval <5 cm/s <10 cm/s <5 cm/s <10 cm/s

Category 1: 0-30 M

13 12 6/29-8/17/70 17.6 48.2 29 51
26 12 4/29-5/23/71 8.5 28.7 12 40
29 12 4/29-5/23/71 22.0 51.3 23 76

7/29-8/5/71

1 13  8/24-11/27/68 2.4 11.2 15 32
12/21-12/30/68
6/9-8/10/69
- , 10/8-10/18/69

2 13 6/15-8/10/69 1.1 7.8 18 30
10/8-10/16/69

4.8 15.3 21 . 44
_Category 2: 30-54 M
14 32 6/29-8/11/70 14.5 50.3 42 83
- 15 32 6/30-8/18/70 31.1 60.6 60 232
41 53 12/14-1/2/72 12.0 36.3 26 53
1/24-3/3/72
4/3~7/14/72
3 54 8/24-10/1/68 4.7 22.8 34 58
12/21-3/5/69
6/15-8/10/69
10/8-10/17/69
11.3 34.9 35 68
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Table 8. Residence time estimates and incidence of stagnant currents in the

near-surface slope waters.

meter stations are given in Figure 2.

The positions of the individual current

Inst. Mean Incidence of
Depth Time Residence Time Stagnant Con-
Station (m) Interval {days) ditions (%)
Site D
13 12 6/70-8/70 3.7 + 3.4 57
1 13 8/68-11/68 1.7 + 1.0 18
6/69-8/69
2 13 6/69-8/69 1.6 + 0.8 23
14 32 6/70-8/70 3.9 + 2.2 41
15 32 -6/70-8/70 5.1 + 5.7 &9
3 54 8/68-10/68 2.2 + 1.7 31
12/68-3/69

51



the residence time estimates determined in this mammer from the selected near—
surface records. The results are seen to be highly variable, as might be
expected, with the mean residence time falling within the range from roughly
one to five days.

Stagnant conditions are defined as those periods during which a progres—
‘sive vector track remained within an area the size of DWD 106 for Five days or
more. Note that residence time was based cn virtual displacement starting from
the center of the dumpsite area, while stagmation periods correspond to dis-
placements from boundary to boundary. Typically, stagnant conditions ocourred
between 17% and 31% of the time, based on the longer data records available
from Site D.

Another question pertaining to waste accumulation is the recirculation of
waters back through the dumpsite. This question was addressed by examining
the progressive vector plots for periods when tracks left an imaginary area
the size of DWD 106 and then returned to the area. Table 9 presents the
results of this analysis. It is apparent that short-term recirculation of
waters away from DWD 106 and back to the site is a rare occurrence, being
observed on anly two occasions within a period of roughly two years.

Periods of on-shelf motion were identified based on the progressive
vector-plots and are presented in Table 9 in terms of the percent time
during which this condition existed at each station. The on-shelf (virtual)
~displacement was also determined for each period and the arithmetic average is

included in the table. On-shelf motion was defined to include current direc-

tions between 315° and 045° true, as appropriate for the vicinity of Site D.
An appropriate range for DWD 106 would lie roughly between 270° and 360°. The
transferrence of results to the dumpsite is considered rather termous in the
case of this particular statistic, and any quantitative application of the
results should be made with caution, It is emphasized that this analysis
applies to the current field in the absence of warm core rings.

In general, it is apparent that periods of on-shelf motion are not rare.
Also, they are sufficiently persistent to produce substantial on-shelf dis-
placem;-nts. '

5.2 Lagrangian Data

It was originally intended to augment the Eulerian results by applying
the same analysis procedures to Lagrangian data sets, specifically those
drifter tracks identified in Section 3.3. However, a detailed assessment of
the data revealed that this was not generally feasible. 2s previocusly noted,
the mumber of drifter tracks available to describe the slope water region is
quite limited. Also, each set of drifter tracks was found to have specific
limitations which precluded a valid application of the analysis procedures
used in the foregoing examination of the Eulerian data.

In reviewing the available Lagrangian data, it is apparent that the two
drifters released by NOAA directly at DWD 106 are the most relevant to the
present study. These were tracked daily by satellite over the period from
4 September to 31 December 1980. The drifters remained within the slope water
over an initial 33-day period and then became entrained within the Gulf
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Table 9. Recirculation and cn-shelf motions in near—surface slope waters.
The positions of the individual current meter stations are given in

Figure 2,
. Mean
Inst, Incidence of Incidence of On-Shelf
Depth Time Recircula- On-Shelf Displacement
Station (m) Interval tion (%) Currents (%) (km/day)
Site D
13 12 6/70-8/70 4 15 6
1 13 8/68-11/68 0] 14 . 21
6/69-8/69
2 18 6/69-8/69 0 45 17
14 32 6/70-8/70 0 14 9
15 32 6/70—-8/70 o 0 0
3 54 8/68-10/68 4 6 13
| 12/68-3/69
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Stream. PBoth drifters appear to have been influenced by a warm core ring for
approximately a week during the middie of this period, so that the length of
cantinuous, unaffected records is quite brief.

Additional limitations are apparent with the remaining drifter data sets
as well. The tracks reported by EGSG (1980) are substantially removed to the
east of the vicinity of DWD 106 and appear to have occupied positions within
the slope water for relatively brief periods. The drifters released in the
slope water by Richardson (1981) were also rapidly entrained in the Gulf
Stream, remaining within the slope water for less than one month. Finally,
the Raytheon data sets (Bisagni, 1981) consisted of positions spaced at inter—
vals of several days to more than a week so that the tracks were too severely
aliased to provide information on the relatively high-frequency motion
described in the preceding section.

The Lagrangian data remains a significant source of information in the
sense that it confirms certain synoptic characteristics of the large—scale
slope water circulation which are only weakly implied by the Eulerian records.
In particular, the drifter tracks are consistent with a persistent flow
pattern directed generally toward the southwest throughout the slope water
region. Also, the mean current speeds report by Bisagni (1981) of 16 and
12 cm/sec for the two buoys released at DWD 106 are consistent with the near—
surface Eulerian data. This provides support for the presumption that (first-
order} current statistics obtained at the upstream mooring locations are
representative of DWD 106 and other downstream points within slope water
affected by pollutant discharges. Finally, the drifter tracks brovide con-
sistent evidence that the general fate of slope water parcels is entrainment
within the Gulf Stream. The points of entrainment along the Gulf Stream
boundary are scattered, but those drifters which passed close to DWD 106 were
uniformly swept into the stream at points east of Cape Hatteras. The resi-
dence time within the slope water for pollutants discharged at DWD 106 is
presumed to be quite variable, being highly dependent cn the extent of warm
core ring activity. A best estimate of the mean residence time for the near-
surface flow along a track from DWD 106 to the vicinity of Cape Hatteras is on
the order of ane month.

The drifter tracks do not provide any evidence of a recirculating flow
within the slope water region, nor did any of the drifters return to the slope
water following entrainment in the Gulf Stream. There is undoubtedly a
limited degree of recirculation within the slope water/Gulf Stream system as
evidenced by the typical life cycle of warm core rings. However, it would be
misleading to compare the complex sequence of circulation events governing the
formation and subsequent advection of these rings with a large-scale organized’
gyre. Also, the degree of recirculation associated with warm core rings is
likely to be small so that this mechanism should not be expected to contribute
to the long-term accumulation of pollutants within the slope water region.

The possibility of a recirculating gyre cannot be discounted entirely in
view of the sparse nature of both the Eulerian and Lagrangian data base within
the critical areas of interest along the outer boundary of the slope water
region. However, the fact that none of the drifters traced a recirculating

pathway does imply that such a circulation feature must be comparatively weak
or intermittent.
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6. CONCLUSIONS

General circulation in the slope region

A conceptual model representative of the current data analvzed in this
report consists of a mean westward-to-southwestward (along-iscbath) current
extending vertically over the entire depth of the water column and horizon-
tally from the shelf break to the Gulf Stream. Mean currents at certain
stations close to the shelf break are not entirely consistent with this
general description. However, the record lengths available at these locaticns
are comparatively short, and it is expected that the respective current sta-
tistics may be influenced by the locally strong shear effects associated with
the dynamics of the shelf/slope front. Over the majority of the slope region,
monthly mean speeds may range up to 50 cm/sec at depths above the permanent
thermocline (200 meters), but remain within 10 cm/sec below this level. At
shallow depths, average speeds rarely exceed 20 cm/sec when computed over
record lengths of several months and vector-averaged speeds may be an order of
magnitude less.

Superimposed an the mean flow are energetic fluctuations attributable to
warm core rings and other perturbations which originate with the dynamic
behavior of the Gulf Stream. Near the surface in the presence of warm core
rings, low-fregquency currents may exceed 100 cm/sec for short durations and
50 cm/sec as monthly averages, Eddy kinetic energy is higher by a factor of
3 to 6 in records that contain warm core ring episodes, as compared with
records that reflect only the background currents. Current fluctuations are
not found to be highly correlated with seascnal changes or with local wind
forcing. This is consistent with previous studies of warm core ring activity
in the sense that there is no apparent seasonal effect in the frequency of
ring formation or their rate of advection through the slope water regiom.
However, in the absence of rings the current field within the upper 50 meters
exhibits an armual variation with an amplitude of 6 cm/sec. This signal
becomes negligible at depths greater than 50 meters, implying that an explana-
tion may lie with the low-frequency variability of the wind regime. However,
an examination of local wind data does not give strong support to such a
relationship. The annual variation may still be attributable to atmospheric
forcing in the form of a large-scale wind stress curl which is not well-
represented by the single measurement location.

Substantial variability in the profiles of current speed and direction
with depth is found at all stations. In general, the vector-averaged speed is
found to decrease consistently with depth over the entire water column. In
contrast, there does not appear to be a comsistent pattern to the depth :
dependence of current direction. Examples of both clockwise and counterclock-
wise veering are found at stations in reascnably close proximity. This vari-
ability of the vertical current structure is significant because it implies
that shear dispersion is an effective mechanism for achieving high dilution
rates for dumped wastes,

The horizontal variability of the cwrrent field, including the strength
of the fluctuations, was examined in detail. As might be expected, gradients
of current properties in a direction parallel to the isobaths appear to be
negligibly small. This observation is supported by both Eulerian and Lagran-
gian data sets. An investigation of the cross-isobath variability indicated a
weak tendency for the isobath-~parallel current component above 200 meters to
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increase with distance offshore of the shelf break. The gradient is weak but
statistically significant, being estimated at 5 cm/sec per 100 km. A simi-~
larly weak tendency was found for the strength of the fluctuations (eddy
kinetic energy). The latter may be attributable to the energetic influence of
the Gulf Stream along the outer boundary of the slope water region. It is
worthwhile to emphasize that the magnitude of these gradients is small and
that there is a high degree of scatter in the data. As a first approximation,
it remains acceptable to use the long-term statistics gathered from a wide
array of station locations to describe the slope circulation in the vicinity
of DWD 106.

Circulation at DWD 106

In order to discern further details of the circulation pertinent to
waste dispersion processes, progressive vector analyses were performed on
several selected near-surface records in the vicinity of Site D. Portions of
these records affected by rings were excluded. On the basis of these analyses
and inspection of drifter tracks within the slope water, the following results
were obtained:

{1) Mean residence time w:Lth:m an area corresponding to the dimensions
of DWD 106 is uniformly distributed within a range from one to five
days.

(2) Short-term stagnation periods of at least five days duration, during

- which the virtual displacement is less than the dimension of DWD 106,
have an incidence of between 17% and 31%. .

(3) The incidence of current episodes below 5 cm/sec is on the order of
10%, and the mean persistence of such events is typically less than
two days.-

(4) Periods of cn-shelf motion are infrequent, with an 1nc:1dence of
roughly 15%.

(5) On-shelf displacements occur at rates that could carry wastes to the
outer portions of the continental shelf within a period of several
days. .

(6) Short-term recirculation events which would return wastes to the

: area of DWD 106 within periods of a few weeks or less are rare.

(7) The longer-term fate of wastes dumped at DWD 106 appears to be
entrainment by the Gulf Stream within a period of roughly one month,
with little likelihood of subsequent large-scale recirculation to
the slope water region.
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